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If dark matter particles have an electric charge, as in models of millicharged dark matter, such
particles should be accelerated in the same astrophysical accelerators that produce ordinary cosmic
rays, and their spectra should have a predictable rigidity dependence. Depending on the charge,
the resulting “dark cosmic rays” can be detected as muon-like or neutrino-like events in Super-
Kamiokande, IceCube, and other detectors. We present new limits and propose several new analyses,
in particular, for the Super-Kamiokande experiment, which can probe a previously unexplored
portion of the millicharged dark matter parameter space. Most of our results are fairly general and
apply to a broad class of dark matter models.
PACS numbers: 95.35.+d, 98.70.Sa, 98.58.Mj, 29.40.Ka
A preponderance of astrophysical evidence confirms
that most of the matter in the universe is dark matter
(DM) that is not made of ordinary atoms [1]. Little is
known, however, about possible non-gravitational inter-
actions of dark matter, which hold the key to identifying
its nature [2]. Most of the dark matter candidates need
some kind of non-gravitational interaction for their pro-
duction in the early universe. Such additional interac-
tions may occur between the DM particles and the Stan-
dard Model particles or between the DM particles and
other components of the dark sector. In a broad class
of well-motivated models the DM particles couple to the
Standard Model fields via kinetic mixing [3] and carry a
fractional electric charge.
If DM particles have an electric charge, they can be
accelerated in the same astrophysical environments that
generate cosmic rays. Most of the acceleration mecha-
nisms depend not on the charge or mass of the particle,
but on the rigidity, and, aside from the particulars of
injection, one can expect that the ordinary cosmic rays
are accompanied by a predictable flux of dark cosmic
rays. In this Letter we estimate the flux of dark cosmic
rays, explore detectability of the accelerated particles and
present new limits on millicharged dark matter (mDM).
Models of millicharged dark matter [4–8] often invoke
two or more particles in the dark sector, which may in-
teract by means of an additional U(1)X gauge symmetry
associated with a dark photon. The dark sector particles
may form dark atoms, or they may exist in the form of
ionized gas [9–14]. The production of this form of dark
matter in the early universe may rely on asymmetries
similar to the matter-antimatter asymmetries [15, 16].
Due to a kinetic mixing ε˜F ′µνFµν [3, 17] between U(1)X
and the hypercharge U(1)Y of the Standard Model, dark
fermions obtain effective charges and couple to the stan-
dard photon. The kinetic mixing can be eliminated by
a field redefinition giving the dark fermions a small elec-
tric charge, while the interactions in the dark sector are
mediated by a dark photon. We denote the mass of the
resulting dark ions as mX.
While models that contain a massive dark photon are
phenomenologically rich [18], they are already strongly
constrained and are also disfavored from more general
theoretical arguments [19, 20]. On the other hand, if the
dark photon is massless, as we assume in this work, there
exists a largely unexplored region in the mX vs. ε param-
eter space for 1 . mX . 100 GeV [21]. We will show that
it is possible to explore this region with the current ex-
periments. We note that dark electromagnetism can in
principle also have an effect on the ion acceleration, but
we shall not discuss this possibility here.
It is widely believed that the first order Fermi ac-
celeration (diffusive-shock acceleration) [22] is responsi-
ble for generating the standard cosmic rays and their
power law energy spectra, with supernova (SN) rem-
nants comprising the most probable sources within the
Galaxy. Here, charged particles are injected with ener-
gies above thermal and get accelerated with each suc-
cessive pass through a shock wave, generated by the su-
pernova’s explosion. The same mechanism can also ac-
celerate DM ions [23]. One can expect some degree of
ionization in atomic dark matter due to an incomplete
recombination of the primordial dark-matter gas [12] or
due to a later reionization by starlight, supernova explo-
sions [24], and the high-redshift sources that are respon-
sible for reionization of ordinary hydrogen (such as dwarf
galaxies, quasars, Population III stars, X-ray sources in
the Galactic Center and the galaxy clusters). For a
dark coupling constant αD ∼ 10−2 and a mass range
of 10 . mX . 1000 GeV a ∼ 1% global fraction of
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2uniformly ionized DM is allowed [12]. We stress, how-
ever, that these constraints are model dependent. For
our analysis we only assume that DM is fully ionized lo-
cally in the vicinity of acceleration, while outside of this
region it can stay neutral and thus the global ionized frac-
tion can be kept very low. We have estimated that for
a range of relevant DM parameters, some of the above-
mentioned sources can efficiently overcome the binding
energy of dark atoms and produce DM ions.
Fermi acceleration can accelerate particles of electric
charge εe to the maximum energy [25–27]
Emax ∼ εeBUL , (1)
where U is the shock wave speed, L is the total acceler-
ation length and B is the magnetic field. For supernova
remnants, the relevant length is the size of the shock at
the end of the free expansion, L ∼ 3 pc. With a magnetic
field of B ∼ 0.5 mG [28, 29] and U ∼ 0.1, protons can be
boosted to the energy levels above PeV, with the corre-
sponding value for mDM lower by a factor of ε. We have
confirmed that energy losses due to synchrotron radiation
can in general be neglected here.
While there is a degree of uncertainty in predicting pre-
cisely the cosmic ray flux, especially due to the unknown
injection spectrum, it is possible to obtain a robust esti-
mate for DM flux by using results for ion acceleration in
shocks. Hence, the DM flux is related to proton flux at
equal particle rigidity as [30, 31] (see Ref. [32, 33] for an
alternative acceleration treatment)
dNX
dR
/
dNp
dR
' (ρX/mX)(ρp/mp) ×
eXinj
epinj
, (2)
where R = p/Q is the rigidity of particles with charge
Q and momentum p. The enrichment factor (eXinj/e
p
inj)
describes the difference between mDM and protons in
the shock injection. Here, we have made the standard
assumption of strong shocks and that enrichment due to
injection saturates around 4, as expected to occur above
(mX/mp)/ε & 3.5 [30]. Assuming Navarro-Frenk-White
(NFW) DM profile [34] for the DM distribution and a
reference point of 1 kpc from the Galactic Center, where
a high star formation rate and thus a high SN rate is
expected, the dark matter density is ρX = 4.1 GeV cm−3.
The proton number density in the interstellar medium is
(ρp/mp) = 1 cm−3. Hence, the energy spectrum of dark
cosmic ray flux is predicted to be
dNX
dE
' (ρX/mX)(ρp/mp)
eXinj
epinj
ε(α−1)
dNp
dE
(3)
= 30 ε(α−1)
(GeV
mX
)( E
GeV
)−α /
(GeV cm2 s sr),
where (dNp/dE) ∝ E−α with α = 2.7 is the experimen-
tally observed proton flux [35].
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FIG. 1: (color online) Integrated vertical flux intensity
for mDM with mX = 100 GeV, ε = 10−0.5 (dashed line)
and ε = 10−1 (dot-dashed line). Comparison with muon
intensity (solid line) from the Crouch curve [42] is
shown.
Although the standard cosmic rays are highly
isotropic [35], the dark cosmic rays have a larger gyro-
radius in the same galactic magnetic fields. When the
gyroradius is comparable to or greater than the thick-
ness of the Galactic disk (∼ 300 pc), the arrival direc-
tions of dark cosmic rays should exhibit an anisotropy
in the direction of the Galactic center. For protons, no
anisotropy is expected below 1018 eV, but, for mDM, the
anisotropy should be observed at energies ∼ ε× 1018 eV.
If detected, such dark cosmic rays should point back to
the source. A detailed discussion of anisotropies, as well
as the acceleration mechanisms different from the Fermi
shock acceleration, will be presented in the upcoming
publication [36].
Depending on the value of ε, mDM exhibits either a
muon-like or a massive neutrino-like behavior in a detec-
tor. Cherenkov detectors can thus be used to search for
the corresponding signals. However, there are important
differences between DM and neutrinos that can be used
to distinguish between the neutrinos and the dark cosmic
rays. Unlike neutrinos, dark cosmic rays will not exhibit
oscillations [37]. Furthermore, they will not show the 6.3
PeV Glashow resonance [38]. The photon-mediated inter-
actions that are relevant for detection are similar to those
of boosted dark matter [39, 40], namely, the quasi-elastic
(QE) scattering (i.e. ionization), the photo-nuclear (PN)
interactions and the deep inelastic scattering (DIS):
QE : X + e− → X + e−
PN : X +N → X +N ′ (4)
DIS : X +N → X +N ′ + hadrons
Here N,N ′ are nuclei. While QE generally provides the
most sensitive channel, in the upcoming work [36] we
will demonstrate that DIS interactions can be employed
to study deviations in the neutrino flux and also to ac-
count for the ultra-high energy neutrino events observed
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FIG. 2: (color online) [left] Energy deposit from a vertical through-going flux of mDM (X) in SK, compared with
muons from Ref. [43]. Results for mX = 1 GeV and ε = 10−0.5 (dashed), ε = 10−1.5 (dot-dashed) are shown.
Vertical lines indicate the current SK muon fitter sensitivity of ∼ 1 GeV as well as the potential fitter improvement
down to ∼ 5 MeV. [right] Recoil electron spectrum from mDM (blue) with mX = 1 GeV, ε = 10−3.5 and energy of
EX = 150 GeV, compared with the background (red) and data (black) of the full SK-I supernova neutrino analysis
sample from Ref. [44]. The peak of around ∼ 40 MeV is from νµ decay electrons, while the rising spectrum is from
νe, νe interactions. Event rate is normalized per year.
by IceCube [41].
For ε & 10−2 (muon-like) mDM, the Earth is not trans-
parent to the dark cosmic rays and the flux as well as
the energy spectrum of the particles that can reach an
underground detector will depend on the zenith angle.
Following the energy loss calculations for the standard
cosmic ray muons [35, 45], the stopping power for mDM
is given by
−
〈dE
dx
〉
= a(E) + b(E)E . (5)
Here E is the energy, a(E) represents the ioniza-
tion losses described by the Bethe-Bloch formula and
b(E) represents the losses due to radiative processes
(bremsstrahlung, pair-production, photo-nuclear effects)
that dominate at higher energies: btotal = bbrem + bpair +
bnucl. The coefficients a and b depend not only on the
energy but also on the medium. The point where radia-
tive losses become comparable with ionization losses is
defined by the critical energy  = a()/b(). From the
leading behavior of the energy loss processes [45], one
can infer the ratio of the coefficients aX(E) and bX(E) to
those for muons, aµ(E) and bµ(E):
aX
aµ
∝ ε2; bX,brems
bµ,brems
∝
(mµ
mX
)2
ε4 ;
bX,pair
bµ,pair
∝
(mµ
mX
)
ε2; bX,nucl
bµ,nucl
∝ ε2 . (6)
Here mµ is the muon mass.
We have confirmed numerically that e+e− pair produc-
tion and bremsstrahlung dominate over the photonuclear
contributions. In the parameter space region of interest
mX > mµ, and thus pair production provides the leading
behavior, resulting in
bX,total
bµ,total
' 12
(mµ
mX
)
ε2 ; X
µ
' 2
(mX
mµ
)
. (7)
Since a, b vary slowly with energy, to a good approxima-
tion they can be taken as constant.
The above allows for a simple estimate [35] of the en-
ergy spectrum after passage of x meter water equivalent
(m.w.e) depth of the material:
EX(x) = (EX,0 + X)e−bXx − X , (8)
where EX,0 is the initial energy of X. Similarly, for a flux
of the form KE−α the integrated vertical flux intensity
is given by
IX(x) =
K−α+1X
α− 1 e
−(α−1)bXx(1− e−bXx)−α+1 , (9)
with α,K determined by Eq. (3). Since the atmospheric
density is low, we can focus without loss of generality only
on the flux modulation due to rock propagation. In Fig. 1
we display the integrated vertical flux intensity vs. depth
for several sample parameter space points and compare
with the standard approximation for the muon vertical
flux intensity as determined by the “Crouch curve” [42].
Here we have used Eq. (7) as well as µ = 600 MeV and
bµ = 4× 10−6 GeV g−1 cm2 parameter values for propa-
gation of energetic muons within the standard rock [42].
Due to a broad MeV - 10 TeV energy reach, a large
size and nearly 20 years of collected data (SK-I to SK-
IV phases), Super-Kamiokande (SK) [46] can provide the
best sensitivity for mDM and will thus be our focus. The
50 kiloton water Cherenkov detector is located at a depth
of 2.7 km.w.e. The cylindrical fiducial volume that is
4used for physics analyses comprises 22.5 kiloton, with a
width of 30.3 m and a height of 32.4 m.
Following the standard discussion for charged parti-
cles [35], the Cherenkov radiation [47] spectrum of mDM
signal (number of photons dNX emitted from X per
length of path dx and per unit wavelength dλ) is given
by
d2NX
dxdλ
= 2piαfε
2
λ2
(
1− 1
n2β2
)
= 2piε
2αf
λ2
sin2 θC , (10)
where αf is the fine structure constant, λ is the emit-
ted light wavelength and θC is the Cherenkov opening
angle. Thus, only the normalization but not the distri-
bution of the spectrum changes for mDM. The particles
will only emit light if they are above the Cherenkov en-
ergy/momentum threshold of the medium, which for wa-
ter are Eth = 1.52mX and pth = 1.14mX, respectively.
As mDM particles traverse the detector, they deposit
energy that can be compared with muons. We assume
for simplicity only a vertical mDM flux and that parti-
cles fully penetrate the detector. Using the flux of Eq. (3)
as an input for Eq. (8), we propagate mDM through 2.7
km.w.e. depth of the standard rock to the top of the SK
detector and then through 32.4 m.w.e. of water (within
the detector itself) to the bottom. To ensure visible sig-
nal, we require that the energy is above threshold. The
energy difference between the top and bottom of the de-
tector is the energy deposited. The values of the standard
rock and water propagation parameters b,  [45] are cho-
sen for muons at the energy of few hundred MeV, which
comprise majority of the flux at Super-K according to
simulations [48]. We show in Fig. 2 the energy deposited
by mDM particles, as well as the current muon fitter
sensitivity that is conservatively estimated at ∼ 1 GeV,
and the potential fitter improvement down to ∼ 5 MeV,
made possible by the newly developed trigger [49]. Prob-
ability distribution for muon energy deposition was esti-
mated in Ref. [43], which we normalized according to the
Crouch curve distribution at the detector’s depth. We
have confirmed that for muons our analysis gives results
in agreement with Ref. [43]. The observed spread in the
muon distribution comes from detailed simulations tak-
ing into account the energy dependence of a and b as well
as energy fluctuations [35, 45], which follow Landau dis-
tribution [50] and lead to a spread tail at higher energies.
We emphasize that this search is nearly background free
due to the event characteristics and even a few particles
per year can be detected. Since the muon rate at SK is
∼ 2 Hz [48, 51], only a weak upper bound on mX sensi-
tivity can be placed. We highlight that SK can thus be
sensitive to ε ∼ 10−2 and this result is independent of the
flux details, which determine the normalization, and can
be competitive with previous dedicated fractional-charge
particle searches [52, 53].
Another mDM signature in SK is single electron-like
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FIG. 3: (color online) Summary of constraints on
millicharged particles in the mass/millicharge plane
with a massless dark photon, from Ref. [21]. The
bounds from CMB and BBN [54] using 2015 Planck
data [55], collider bounds (COLL) [56, 57], dark matter
(DM) [56], CMB [58], LHC [59] and E613 [60] are
shown. Sensitivity reach of Super-K (this work) is
shown for muon-like signal (SK-µ, tilted line hatch) as
well as for the recoil electron spectrum (SK-ν, rhombus
hatch). Sensitivity reach with possible future muon
fitter upgrade is also displayed (SK-µ upgrade, square
hatch). The CMB Neff constraints are, in general,
model dependent and can be circumvented, e.g., by
decaying sterile neutrinos [61].
ring spectrum, resulting from the quasi-elastic interac-
tions. Here we consider a uniform full sky flux. The
minimum energy of recoil electron Ee for mDM particle
of energy EX is set by the experimental threshold, while
the maximum is set by kinematics. The cross-section is
given by
dσXe−→Xe−
dt
= 132pi
(εe2)2
t2
8E2Xm2e + t(t+ 2s)
m2e(E2X −m2X)
, (11)
where s = m2X+m2e+2EXme and t = q2 = 2me(me−Ee).
Unlike the boosted dark matter [39], our cross-section in-
creases with lower transfer momentum t due to a mass-
less mediator. Furthermore, our signal is isotropic and
the flux is constant in time. An anisotropy can be ex-
pected for energies above ε× 1018 eV, but the predicted
flux at these energies is small. In SK, the optimal search
region for our signal is in the ∼ 16 − 88 MeV range of
the supernovae relic neutrino sample [62], since the solar
∼ 10−20 MeV sample [63] is plagued by the muon spalla-
tion background. For illustration, we display in Fig. 2 the
recoil electron signal from mDM of energy EX = 100 GeV
5as well as the νµ, νe backgrounds, taken from Ref. [44].
To estimate the sensitivity, we perform a simple event
counting in the signal region. Here, the average signal
detection efficiency is around 90% [44]. The total yearly
event rate in the Ethe − ERe energy region is given by
Ntotal = C∆T Ne,target
∫ EmaxX
Emin
X
(
ΦskyX ×
×
∫ Emaxe (EX)≤ERe
Ethe
dσXe−→Xe−
dEe
dEe
)
dEX , (12)
where C is the efficiency, Ne,target is the number of elec-
trons in SK, ΦskyX is the full sky flux, ∆T = 1 year is
the running time and EminX is the minimum mDM energy
required for the recoil electron to be within the signal
region. If the signal event rate in the region exceeds 1-
σ ' 5 events/year error fluctuation in the sample [44], we
denote it as “observable”. Solving numerically Eq. (12)
for a variety of inputs, we obtain a sensitivity in charge
of up to ε ∼ 10−4.5. Since the background describes the
data well, our sensitivity gives an estimate for new lim-
its on mDM. We expect that a comprehensive analysis
based on the likelihood method, as in Ref. [44], will yield
better results with improved error treatment.
In summary, we have pointed out that, regardless of
the origin, dark matter ions can in principle be accel-
erated by the usual astrophysical mechanisms and the
resulting dark cosmic rays could be detectable. For mil-
licharged DM, acceleration is similar to the well-studied
acceleration of charged dust, leading to a robust estimate
of the flux. While we do not expect a significant sig-
nal from dark cosmic rays in the current direct detection
experiments, large-volume neutrino experiments such as
Super-Kamiokande can be highly sensitive to them, and
present observations allow us to set new limits on mDM.
The sensitivity estimates summarized in Fig. 3 show that
a significant portion of the previously unexplored mil-
licharge DM mass-charge parameter space can already
be probed in existing detectors. The upcoming Gadolin-
ium upgrade of SK [64, 65] should further improve on
these results by a factor of few in ε. Future planned ex-
periments, such as the large water Cherenkov experiment
Hyper-Kamiokande [66, 67] and the large liquid argon ex-
periment DUNE [68], will yield further improvements in
sensitivity.
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